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Abstract
Experimental results are presented that support the surface-catalyzed production of nitric oxide from the recombination of oxygen and nitrogen atoms on quartz. The experiments employ two-photon laser induced fluorescence detection of atomic oxygen and atomic nitrogen to characterize changes in gas-phase atom concentrations as the ratio This choice is partly a matter of computational convenience and partly due to the lack of experimental information on the importance of the NO formation pathway. More recent modeling efforts have introduced finite rate kinetic models to better capture the physics of surface catalytic reactions. [1] [2] [3] [4] [5] [6] [7] In at least one case, the inclusion of NO surface formation in a finite-rate surface chemistry model seems to improve agreement between aerothermal heating computations and measured flight data. 5 Strong support for NO surface formation is also provided by the in situ laser-induced fluorescence (LIF) detection of different NO concentrations in front of different materials tested in a plasma wind tunnel. 8 Copeland et al. 9 reported an experimental approach for inferring the formation of NO in N 2 /N/O gas mixtures using two-photon LIF detection of N atoms in a room temperature diffusion-tube side-arm reactor. In the side-arm reactor technique, atomic species are generated in a main flow tube and diffuse into the opening of a dead-end sidearm tube where they are lost by gas-phase and surface-mediated recombination reactions, establishing a steady-state decaying atom concentration profile along the length of the side-arm tube. At sufficiently low pressures, heterogeneous atom loss processes dominate over (most) gas-phase reactions, and this atom concentration profile can be related to the catalytic activity of the tube surface.
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Copeland et al. Under the low pressures of their experiment (13 to 65 Pa), the direct production of NO in the gas phase by the three-body N + O + M reaction was insignificant. 19 Because the N + NO → N 2 + O reaction is so fast and atom concentrations in the side-arm are low, the steady-state gas-phase NO concentrations generated by surface recombination are too small for direct LIF detection, and NO surface formation must be inferred indirectly from observed changes in atom concentrations.
Copeland et al. 9 suggested a further check of their interpretation: if surface NO formation was indeed occurring, O-atom loss from the gas-phase should decrease with the addition of N atoms, since each reaction event N + NO regenerates a gas-phase Oatom. However, they did not perform O-atom LIF measurements to confirm this.
We have repeated and extended the measurements of Copeland et al. 9 by adding, i) a more powerful discharge source for N-atom production, ii) the capability for sequential N-atom and O-atom LIF diagnostics, and iii) simultaneous concentration measurements at four different side-arm locations. The new experiments confirm the predicted correlation of decreased O-atom loss with enhanced N-atom loss, thus strengthening the case for surface production of NO. We investigate the relative importance of the NO surface production pathway to the O + O and N + N surface recombination, by simulating the experimental results using a multi-species reactiondiffusion model.
II. Experiment
The layout of our experiment is shown in Fig.1 . A partially-dissociated nitrogen flow is produced by metering nitrogen through a 6 kW microwave discharge using a 500 standard cubic centimeter per minute (sccm) Tylan mass flow controller. The main tube is made of glass and the side-arm tube is made of GE214 quartz. With valve 1 open and valve 2 closed, the partially-dissociated gas flows down the main arm, past the opening of the dead-end side-arm tube, and into a roots blower vacuum system. In this configuration the side-arm operates as a diffusion tube. The side-arm can be reconfigured as a flow tube by closing valve 1 and opening valve 2. Gas pressures are measured near the opening (port A) and near the end (port B) of the side-arm tube using a 10 Torr capacitance manometer with four digit precision and a reading error less than 1%. The spacing between PMTs is 25.4 cm and the spacing between pressure ports A and B is 120 cm. The inner diameter of the side-arm tube is 2.2 cm. In order to compare experimental data with the predictions of a multi-species reaction-diffusion model, the scaled measurements of Figs. 3b and 3d must corrected for variations in LIF detection sensitivities at the different PMT locations and the absolute atom concentrations at the side-arm opening must be determined.
Concentration Estimates
Estimates of the atom concentrations at the side-arm opening can be made from the titration endpoints under flow tube conditions, however there are two complications:
determining the exact endpoint and interpreting the initial rise of the N-atom signal with the addition of small amounts of NO (Fig 3a. )
The titration endpoints, where the N-atom LIF signal vanishes and the O-atom LIF signal levels off, are roughly 0.04 sccm NO in Fig. 3a and 0.045 sccm NO in Fig. 3c .
This difference is likely a reflection of day-to-day repeatability (N-atom and O-atom measurements were conducted on different days), as well as experimental uncertainty associated with detecting a sharp endpoint.
Below the endpoint, the O-atom concentration rises linearly from zero with NO addition until the endpoint is reached where all atomic nitrogen has been consumed. 
LIF Signal Corrections
The LIF signal magnitudes collected from each PMT depend on many factors in addition to the local atom concentration, such as optical alignment, PMT sensitivity, filter transmission, and excitation volume and laser beam geometry. For a stable species, these factors can be determined for each PMT by filling the reactor with a uniform static concentration and comparing collected LIF signals, but this is not possible for reactive species like O and N atoms that are lost on the reactor walls. The closest approximation to uniform atom concentrations that can be obtained in our system is under flow tube conditions. However, the signal ratios collected in flow-tube mode still need to be adjusted for differences in atomic concentration at the different PMT locations caused by pressure gradients and heterogeneous atom losses, before they can be used to normalize diffusion tube measurements.
The Hagen-Poiseulli relation 28 can be used together with the ideal gas law, the measured pressures at ports A and B, the measured N 2 flow rates and the known reactor distances to compute the total gas pressure at each PMT location, assuming that molecular nitrogen dominates the transport properties with a viscosity of 17.77 × 10 -6
Pa-s at 298 K. 29 The bulk flow speed, v , can be computed at each location from the pressure and N 2 flow rate, using mass conservation and the ideal gas law.
The atom loss due to heterogeneous recombination between PMT locations are estimated from a simple one-dimensional first-order model that equates the difference in the atom flow between z and z z δ + to the losses incurred on the wall over this distance.
This model is described by the differential equation
where R is the tube radius, c is the atom concentration, v is the bulk flow speed, v is the average thermal speed of the atoms M T π ℜ 8 , andγ is the estimated loss probability (the fraction of atom-surface collisions which result in permanent removal of the atom from the gas phase). The value of γ is uncertain, but as a first approximation can be taken in the range ~1-10 × 10 -5 for O and N atoms on quartz. 
where ave v is the average flow velocity between locations 1 z and 2 z , and the substitution Relative atom concentrations during diffusion tube experiments can now be assigned by dividing the LIF data by the corrected PMT signal ratios of Table 2 . The goal of the numerical reaction-diffusion model described in the next section is to reproduce the curvatures and relative magnitudes of the experimental N-and O-atom concentrations plotted in Fig. 4 , and the corresponding scaled measurements in Fig. 3 , using the entrance atom concentrations deduced above and various surface reaction boundary conditions.
IV. Model Formulation

Governing Equation, Transport Model and Chemistry
The side-arm reactor geometry was modeled as tube of length L = 146. 
with s M the species molar mass, s x the species mole fraction, and s D the effective binary diffusion coefficient for species s in the gas mixture; c and ρ are the total molar and mass densities of the gas, respectively.
Effective diffusion coefficients in the multi-component gas mixtures of the experiment are computed using the friction-weighted self-consistent effective binary diffusion (SCEBD) approximation 30, 31 : 32, 33 . The collision integrals were implemented using the curve fit formulas of Gupta et al. 34 , in a manner identical to that employed in the widely used NASA CFD code, DPLR. 35 Collision integrals for ozone were unavailable, and were approximated by those given for carbon dioxide. Table 3 lists the room-temperature rate coefficients for nine gas phase reactions included in our model involving dissociated oxygen and nitrogen species. The reverse reaction rates are negligibly slow under our experimental conditions and were set to zero.
Boundary Conditions and Solution Procedure
The production of species by surface-catalyzed reactions must be balanced by their diffusive flux at the wall:
For reactant species the production rates at the surface can be expressed as a loss probability, s γ , times the surface impingement fluxes; for O and N atoms this gives the production rates (negative for loss) 
The loss probability is defined as the fraction of impinging reactant flux removed permanently from the gas phase. It is not a fundamental chemical quantity, rather, it reflects the total efficiency of all operating surface reaction pathways that remove species s on a particular surface under a particular combination of temperature, pressure, and gas composition. If the reactant species is consumed to produce more than one product species, branching fractions, r s f , , can be defined as the fraction of impinging reactant removed permanently from the gas phase that participates in forming product species r.
We avoid the common term "recombination coefficient" for s 
In the simulations that follow, we demonstrate the effect of NO surface production on the predicted O-and N-atom concentration profiles along the diffusion side-arm tube for different fixed N 2 /N/O compositions at the side-arm opening. To achieve this we choose values of O γ and N γ , and then vary nitric oxide surface production. When
, the level of NO production can be set by choosing 1 0
, NO production is determined by choosing The individual production rates of the surface reaction products are
Equation ( and z Δ and r Δ are the grid spacings in the axial and radial directions, respectively. The simulations that follow were all computed using a 60 × 10 grid and a CFL number of 1.
V. Simulation Results
Simulations were computed for T = 298 K, P = 60 Pa, and various O-atom and N-atom concentrations at the side-arm entrance corresponding to NO titration flows in the range 0.0 to 0.0425 sccm, with the balance assumed to be molecular nitrogen. The concentrations of all other species were set to zero at the entrance. With surface NO production eliminated, the same concentration profiles (Fig. 5a , solid lines) are produced whether or not gas-phase chemistry is included in the computations. With surface NO production maximized and the N + NO gas phase reaction eliminated, computed O-and N-atom profiles again overlay the profiles for no NO surface production (solid lines). Taken together, these modelling results support the mechanism proposed by Copeland et al. 9 , that requires both surface production of NO and the N + NO gas-phase reaction to explain the experimental measurements.
In Fig. 5b , we show the relative N-atom (solid lines) and O-atom (dotted lines) concentrations computed at the different PMT locations as a function of added NO flow.
These computations were made assuming maximum NO surface production and ; i.e., a model that incorporates kinetic mechanisms like adsorption, thermal desorption, Eley-Rideal recombination and Langmuir-Hinschelwood recombination. Unfortunately, these models contain large numbers of numerical parameters that must be chosen by theory and/or adjusted to reproduce experiment data. More experimental data are required, at higher temperatures and over a larger range of gas pressures and compositions, to enable the construction of a suitable finite-rate chemistry model for our experiments. Such measurements are currently underway in our laboratory.
VI. Summary
The experimental results presented here support the surface-catalyzed production of nitric oxide from the recombination of atomic oxygen and atomic nitrogen on quartz.
Computational simulations of the side-arm reactor with a multi-species reaction-diffusion model, incorporating NO surface production and gas phase reaction of NO and N atoms, qualitatively reproduce the experimental observations, and suggest that NO surface formation is of comparable magnitude to the O + O and N + N surface recombination reactions.
Together with the CFD simulations of Kurotaki 5 that indicate the importance of NO surface formation in matching computational and measured heating data for the OREX flight, and the LIF detection of NO over different material surfaces during plasma testing by Laux et al. 8 , the present work strengthens the case for including O + N surface recombination in CFD simulations of hypersonic flight and plasma testing.
